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Experiments on one- and two-photon laser excitation of 232Th+ ions in a radiofrequency ion
trap are reported. As the first excitation step, the strongest resonance line at 402 nm from the
(6d27s)J=3/2 ground state to the (6d7s7p)J=5/2 state at 24874 cm−1 is driven by radiation from
an extended cavity diode laser. Spontaneous decay of the intermediate state populates a number
of low-lying metastable states, thus limiting the excited state population and fluorescence signal
obtainable with continuous laser excitation. We study the collisional quenching efficiency of helium,
argon, and nitrogen buffer gases, and the effect of repumping laser excitation from the three lowest-
lying metastable levels. The experimental results are compared with a four-level rate equation
model, that allows us to deduce quenching rates for these buffer gases. Using laser radiation at
399 nm for the second step, we demonstrate two-photon excitation to the state at 49960 cm−1,
among the highest-lying classified levels of Th+. This is of interest as a test case for the search for
higher-lying levels in the range above 55000 cm−1 which can resonantly enhance the excitation of
the 229Th+ nuclear resonance through an inverse two-photon electronic bridge process.
PACS numbers: 42.62.Fi, 32.50.+d, 37.10.Ty
I. INTRODUCTION
It has been inferred from γ-spectroscopy of 229Th that
this nucleus possesses an isomeric state at an energy of
only a few eV above the ground state, establishing the
lowest excitation energy that is known in nuclear physics.
The most recent experimental value for the 229Th isomer
energy is 7.8(5) 0.5 eV [1, 2]. This system has stimu-
lated a number of proposals for studies of the effects of
atomic electrons on the nuclear transition (see [3, 4] and
references therein). These can be expected to be espe-
cially pronounced here because of the matching of the
nuclear and electronic excitation energies. The radiative
decay of the isomeric state can be strongly enhanced in a
so-called electronic bridge process where the nucleus ex-
cites the electron shell and a photon is finally emitted in
an electronic transition. Vice versa, in an inverse elec-
tronic bridge process, laser excitation of the nucleus can
be more efficient by making use of an electronic excitation
that will resonantly couple to the nuclear moments.
Since the nuclear transition frequency in 229Th is ac-
cessible by frequency upconversion of narrow-bandwidth
laser sources and since it is less sensitive to external
perturbations than transition frequencies of the electron
shell, we have proposed it as the basis of an optical nu-
clear clock of high precision [5]. Experiments towards this
goal are now pursued with different approaches [6, 7].
Up to now, the large uncertainty of the nuclear transi-
tion frequency and its location in the vacuum-ultraviolet
range has prevented the observation of excitation or de-
cay of the isomeric state of 229Th by means of optical
spectroscopy. As a technique to achieve resonant exci-
tation of the 229Th nucleus with the use of conventional
∗ Corresponding author E-mail address: ekkehard.peik@ptb.de
laser sources, we have proposed a two-photon inverse elec-
tronic bridge process in singly ionized 229Th [8].
The electronic energy level system of Th+ is very com-
plex and is well known only up to an excitation energy
of about 7 eV. The classified energy levels belong to the
lowest 15 configurations of the three valence electrons.
More than 400 energy levels have been identified [9] and
the wavelengths of about 14000 lines are tabulated [10].
Recent relativistic Hartree-Fock calculations indicate an
exponential increase of the energy level density towards
the ionization energy of 11.9 eV [11].
While the high density of electronic energy levels in
Th+ increases the probability for a strong resonance en-
hancement of electronic bridge processes leading to exci-
tation of the 229Th nucleus, it also poses an experimental
problem: Laser excitation of an ensemble of atoms from
the ground state to a definite excited state is often ineffi-
cient for a multi-level system such as Th+ because spon-
taneous decay leads to the accumulation of population
in metastable levels that are decoupled from the laser.
If the number of metastable levels is not too high, ad-
ditional repumper lasers may be applied for reexcitation
from each of those states. Otherwise, atoms in metastable
states can be returned to the ground state by inelastic
quenching collisions with a buffer gas. The latter ap-
proach has already been utilized for laser spectroscopy
of Th+ ions: In order to determine nuclear charge radii
of the isotopes 227Th to 230Th and 232Th, isotope shifts
and hyperfine splittings have been recorded in one- and
two-photon laser excitation to levels at 17122 cm−1 and
34544 cm−1 using Th+ ions in a radiofrequency trap in
the presence of helium and hydrogen buffer gases [12, 13].
Here we present experiments on one- and two-photon
laser excitation of trapped Th+ ions, aimed at an inves-
tigation of the electronic energy level system in the range
around 7-8 eV and towards the excitation of the 229Th
nuclear resonance by an inverse two-photon electronic
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FIG. 1. Partial level scheme of the thorium ion Th+ showing
the main resonance transitions studied in this work and the
lowest-lying metastable levels. The hatched area corresponds
to a manifold of eleven metastable states which is shown in
more detail in the right-hand side of the figure. The level
energies are given in cm−1 and the subscript denotes the total
angular momentum. For the 248745/2 level the spontaneous-
decay branching fractions are indicated as given in Ref. [14].
bridge process. In particular, we investigate excitation
of the strongest tabulated line of the Th+ emission spec-
trum at 402 nm which connects the (6d27s)J=3/2 ground
state with the (6d7s7p)J=5/2 state at 24874 cm−1 [10].
In the following we label states by their energy in cm−1
and their total angular momentum as shown in Fig. 1.
Spontaneous decay from the 248745/2 state leads back
to the ground state with a rather high probability but a
number of low-lying metastable states [14] are also pop-
ulated (see Fig. 1). We measured branching ratios of 11
decay channels after laser excitation in a hollow-cathode
discharge. With trapped ions, we study the collisional
quenching efficiency of helium, argon, and nitrogen buffer
gases, and the effect of repumping laser excitation from
the three lowest-lying metastable levels. We show that
the experimental results are in good agreement with a
simple four-level rate equation model. Using laser radi-
ation at 402 nm and at 399 nm, we demonstrate two-
photon excitation to the level 499607/2 via the interme-
diate 248745/2 state. The observation of two-photon ex-
citation to this level in 232Th+ is of interest because it
serves as a test case for the search for higher-lying lev-
els which can resonantly enhance the excitation of the
229Th+ nucleus through an electronic bridge process as
pointed out above.
II. EXPERIMENTAL SET UP
The experiment employs a linear radiofrequency (rf)
trap of 160 mm total length (see Fig. 2). The trap elec-
trodes are machined from a CuBe alloy and are divided
along their length into three sections which are held at
different dc potentials. For ion loading, a metallic 232Th
sample is placed between two electrodes near the end of
one of the outer sections. Typically a rf trap drive volt-
age in the range of 0.5 - 1 kV amplitude at a frequency of
2 MHz is used, corresponding to a Mathieu q parameter
in the range of 0.2 - 0.4 (for a review see Ref. [15]). The
end sections are kept at a dc potential of +40 V relative
to the central section for axial confinement.
b)a)
FIG. 2. Schematic of the linear Paul trap used in the experi-
ments (a) and cross section of the trap electrode arrangement,
showing the position of the Th sample used for ion loading by
N2 laser ablation (b). Dimensions are in millimeters.
The trap is mounted in a stainless-steel ultrahigh-
vacuum chamber that reaches a base pressure in the range
of 1 × 10−8 Pa. For collisional cooling and depopulation
of metastable Th+ levels by quenching collisions, either
helium, argon or nitrogen at a pressure of up to 0.2 Pa
is used as a buffer gas. To produce 232Th+ ions by laser
ablation, a nitrogen laser emitting 4 ns pulses with an
energy of ≈ 100 µJ at a wavelength of 337 nm is focussed
to a spot size of 100 µm × 150 µm on a metallic Th
target (see Fig. 2(b)). After 5 to 10 ablation pulses at
0.2 Pa helium buffer gas pressure, more than 105 ions
are loaded into the trap (for more details see Ref. [16]).
With argon and nitrogen buffer gases the same number of
trapped ions is obtained with 2–5 and 1–2 pulses, respec-
tively. We observe storage times for Th+ in the range of
300–1000 s, limited by the formation of molecular ions in
reactions with the background gas [13, 17].
For excitation of the 03/2–248745/2 transition (see
Fig. 1), a continous-wave (cw) extended-cavity diode
laser (ECDL) with a maximum output power of 7 mW
at 402 nm and a linewidth of less than 1 MHz is used.
The 248745/2–499607/2 transition is excited by a similar
laser system emitting at 399 nm. The metastable 15215/2
level is depleted by a frequency-doubled ECDL producing
light at a wavelength of 428 nm (see Fig. 1). The output
of these lasers is passed to the trap through polarization-
maintaining single-mode fibers in order to clean the beam
profiles, thus minimizing light scattering off the trap elec-
trodes. Beam diameters in the trap are ≈1 mm. For low-
resolution spectroscopy over extended wavelength ranges,
a tunable modelocked Ti:Sapphire laser system produc-
ing pulses of about 3 ps duration and 90 MHz repetition
rate is used. Its output wavelength can be tuned in the
range of 700–900 nm and in the corresponding second-
and third-harmonic ranges.
As shown in Fig. 3, the fluorescence emission of the
trapped 232Th+ ions is detected with the use of two pho-
tomultipliers placed behind a fused-silica collection lens.
In order to discriminate between the fluorescence emis-
sions associated with one- and two-step excitations, a
combination of spectral filters and a dichroic beamsplitter
separates the spectral sensitivity ranges of the photomul-
tipliers.
3PMT1
PMT2
FIG. 3. Experimental arrangement for laser excitation of
trapped Th+. Two photomultipliers (PMT) are used for flu-
orescence detection. A nitrogen laser is used for loading the
trap. SHG (THG) second harmonic generation (third har-
monic generation). For further details see text.
III. SINGLE-WAVELENGTH LASER
EXCITATION OF 232Th+
In an investigation of possible first excitation steps
from the ground state, fluorescence signals of 232Th+
are readily observed by illuminating the trapped ion
cloud with output of the picosecond Ti:Sapphire laser.
A typical excitation spectrum of electric-dipole transi-
tions around 400 nm is shown in Fig. 4(a). In order to
compensate variations in signal strength caused by fluc-
tuations of the number of loaded ions, the fluorescence
signal registered at each laser wavelength was normalized
to the signal resulting from resonant cw diode-laser ex-
citation of the 402 nm transition. Helium was used as a
buffer gas at a pressure of ≈0.2 Pa. The transitions from
the ground state displayed in Fig. 4(a) and their relative
strengths are in agreement with the data tabulated in
Ref. [9] for the investigated scan range.
The spectrum resulting from 402 nm cw laser excita-
tion is shown in Fig. 4(b). While the wide linewidths in
Fig. 4(a) are determined by the spectral width of the em-
ployed laser, the linewidth in Fig. 4(b) is determined by
Doppler broadening. For helium pressures above 0.1 Pa
the Doppler width of ≈ 700 MHz (FWHM) indicates
that the trapped ions are collisionally cooled to approxi-
mately 300 K for motion along the trap axis. With argon
and nitrogen buffer gas, cooling to room temperature is
achieved at pressures of ≈ 0.2 Pa and ≈ 0.01 Pa, respec-
tively. With these gases at 0.2 Pa pressure, larger fluo-
rescence signals are observed than with helium, because
of more efficient collisional quenching of metastable levels
(see below). For cw excitation of the 402 nm transition,
the strength of the fluorescence signal is strongly affected
by population trapping in metastable levels.
For a quantitative overview on the decay channels of
the 248745/2 level we performed measurements of the flu-
orescence emission resulting from laser excitation of Th+
ions in a hollow-cathode discharge. The hollow-cathode
lamp has a similar construction as described in Refs.
[18, 19]: The cathode is a 2.5 cm long copper cylinder
with an inner diameter of 6 mm, covered by a thorium
foil on the inner wall, and is cooled by liquid nitrogen.
The discharge is operated at a current of 40 mA with ar-
gon buffer gas at a pressure between 80 Pa and 100 Pa.
A 5 mW laser beam from the 402 nm ECDL, resonant
with the 03/2–248745/2 transition, is directed through the
FIG. 4. Excitation spectra of trapped 232Th+ ions, using (a)
the second-harmonic output of a modelocked Ti:Sapphire laser
and (b) cw output of an extended-cavity diode laser tuned to
the 03/2–248745/2 transition at 402 nm. In (a), the average
excitation power is 10 mW and the data points (black dots)
are fitted by Lorentzian profiles. In (b), the power is 50 µW.
cathode. A mirror with a central hole for passage of the
laser beam collects the fluorescence light from the cen-
ter of the cathode onto the entrance slit of a grating
monochromator. After passage through the monochro-
mator the light is detected with a photomultiplier and
recorded differentially with and without laser excitation,
in order to separate the laser-induced fluorescence from
emission excited by the discharge. The spectral sensitivi-
ties of monochromator and photomultiplier are calibrated
with a tungsten reference lamp. Since laser stray light
would perturb the fluorescence intensity measurement at
the wavelength used for excitation, the intensity ratios
of the lines at 402 nm, 434 nm and 482 nm were also
measured with laser excitation of the 15215/2–248745/2
transition at 428 nm. The wide dynamic range of the
detection method allowed us to measure relative intensi-
ties of 11 emission lines listed in Ref. [9], complementing
a previous study that had reported branching fractions
for 6 lines [14]. The two weakest lines at 812 nm and at
1073 nm were not observed. Table I summarizes the re-
sults. Based on the observed reproducibility for different
discharge conditions, we attribute a relative uncertainty
of about 0.1 to the branching fractions for the weak decay
channels. The branching fraction for decay on the reso-
nance line 402 nm back to the ground state of 0.92(3)
is in good agreement with the value 0.94 from Ref. [14]
and higher than the value 0.85 obtained in the analysis
in Ref. [20]. Cyclic laser excitation of the 402 nm reso-
nance line in a single Th+ ion can therefore be expected
to result in about 15 fluorescence photons before decay
into a metastable level occurs.
IV. EFFECTIVE 4-LEVEL MODEL FOR
COLLISIONAL QUENCHING AND REPUMPING
In order to obtain a simple analytic description, we ap-
proximate the Th+ level system up to the 248745/2 level
by the four-level system shown in Fig. 5: the 402 nm
transition from the ground state |1〉 to state |3〉 is driven
with Rabi frequency Ω1, the metastable state |2〉 is de-
pleted by 428 nm repumping light with Rabi frequency
Ω2, and the manifold of eleven higher-lying metastable
states is represented by a single level |m〉. Here we as-
sume that |m〉 is depleted only by quenching collisions.
The excited state |3〉 radiatively decays into the states
|1〉, |2〉 and |m〉 with rates γ1, γ2 and γm. Their sum,
γ=γ1 + γ2 + γm, determines the radiative lifetime of the
4TABLE I. Branching fractions (BF) for decay of the Th+
level 248745/2 to various lower-lying metastable states.
lower level λair BF BF
(cm−1) (nm) (this work) (Ref. [14])
0 401.9 9.2·10−1 9.4·10−1
1521 428.1 3.3·10−2 3·10−2
1860 434.4 2.7·10−2 1·10−2
4013 481.5 3·10−5 -
4146 482.3 7·10−3 1·10−2
7001 559.4 6·10−3 1·10−2
8460 609.1 5·10−4 -
8605 614.5 2·10−3 4·10−3
9061 632.2 2·10−4 -
9711 659.4 4·10−4 -
13250 860.1 4·10−5 -
state |3〉 as τ = 1γ . For our analysis we use the experimen-
tal lifetime value τ = 23 ns [20]. We assume that γ1=bγ
and γ2=γm=(1− b) γ2 , and b = 0.94 as the branching
fraction for decay to the state |1〉, because the branching
fractions for decay to the 15215/2 level and for decay to
|m〉 are approximately equal (see Ref. [14] and Table I).
The populations of |2〉 and |m〉 can decay to the ground
state through quenching collisions with buffer gas and the
corresponding rates are denoted by Γ2 and Γm. Neglect-
ing the light-induced coherence between states |1〉 and
|2〉, the population distribution among the levels can be
described by rate equations for the population probabil-
ities pi (i = 1, 2, 3,m). In the steady-state limit the rate
equations of the four-level system shown in Fig. 5 can be
expressed as:
−γS1p1 + Γ2p2 + γ1p3 + γS1p3 + Γmpm = 0,
−γS2p2 − Γ2p2 + γ2p3 + γS2p3 = 0,
γS1p1 + γS2p2 − γp3 − (S1 + S2)γp3 = 0,
γmp3 − Γmpm = 0, (1)
with the normalization condition
∑
pi = 1. Here Sj
(j = 1, 2) are the saturation parameters for the tran-
sitions |j〉 − |3〉. Assuming thermalization of velocities
due to both velocity-changing collisions and interaction
with the trap potential, and vanishing detunings from the
transitions |j〉− |3〉, we approximate the optical pumping
rates as:
γSj ≈ 2
√
pi
Ω
′
2
j
kv
, (2)
where kv ≈ 2pi×360 MHz is the Doppler width. For lin-
early polarized laser fields, the effective Rabi frequencies
Ω
′
j are obtained by averaging over the Zeeman sublevels:
Ω
′
2
j =
(2J3 + 1)
3(2Jj + 1)
Ω2j , (3)
where Jj is the total angular momentum of the level |j〉.
Solving the rate equations, the population of state |3〉
is:
p3 = [2G2GmS1 + 2GmS1S2] (4)
× {2G2Gm + [(1− b)(G2 +Gm) + 4G2Gm]S1 +
+ [(1 + b)Gm + 2G2Gm]S2 + [(1 − b) + 6Gm]S1S2}−1
3
FIG. 5. Energy level system considered in the rate equation
model of Eq. 1. The levels |1〉, |3〉, |2〉, and |m〉 represent the
ground state, the 248745/2 and 15215/2 levels, and a manifold
of eleven metastable states, respectively (cf. Fig. 1).
where Gk = Γk/γ, (k = 2,m). The observed fluorescence
rate is proportional to p3. If both optical excitations
|j〉 − |3〉 saturate the corresponding transitions, S1 ≫
(1 + b)G2/(1− b) and S2 ≫ (G2 +Gm), the fluorescence
rate is limited by the quenching relaxation of the state
|m〉:
p3 ≈ 2Gm
1− b . (5)
In the absence of the repumping field (S2 = 0), level
|2〉 is depleted only by quenching collisions. In this case
the fluorescence rate is reduced and can be expressed as
follows:
p3 ≈ 2Gm
1− b
G2
G2 +Gm
. (6)
According to Eq. 5 and Eq. 6, the fluorescence enhance-
ment factor g due to repumping from level |2〉 obtained
in the limit of high 402 nm and 428 nm laser powers is
given by g=1+Γm/Γ2.
V. QUENCHING RATES AND POPULATION
OF THE 248745/2 LEVEL
Based on the results of the four-level model description
and using repumping excitation from the 15215/2 level,
we determine the collisional quenching rates of this level
and of the manifold of the other metastable levels which
are populated during continuous excitation of the 402 nm
03/2–248745/2 transition. Quenching rate coefficients are
determined for helium, argon, and nitrogen buffer gases.
In order to find conditions which minimize the population
of metastable levels and thus maximize the population
of the 248745/2 state, we also investigate the effect of
additional repumping excitation from the manifold of the
levels above the 15215/2 level, which are described as the
effective level |m〉 in the model calculation (see Fig. 5).
The data points in Fig. 6(a) show the relative increase
in the fluorescence signal at 402 nm which results from re-
pumping excitation of the 15215/2–248745/2 transition at
428 nm. Helium was used as a buffer gas at 0.2 Pa pres-
sure. The data were obtained for two settings of 402 nm
laser power which differ by more than one order of magni-
tude. It appears that the fluorescence signal is enhanced
by up to a factor of nine at a repumping laser power
above 0.5 mW. The enhancement is less pronounced if
5FIG. 6. Fluorescence signal of trapped Th+ ions resulting
from resonant laser excitation of the 402 nm 03/2–248745/2
transition, showing the fluorescence enhancement due to re-
pumping excitation at 428 nm for two settings of 402 nm ex-
citation power (Full and open circles) with helium buffer gas.
The data points are normalized to the fluorescence levels ob-
served without 428 nm excitation. The lines correspond to
solutions of Eq. 4 using excitation and quenching rate param-
eters corresponding to the conditions of the experiment (see
text). The data points in the inset show the variation of the
fluorescence signal with 402 nm laser power observed in the
absence of 428 nm excitation. The solid line corresponds to
the solution of Eq. 4 using the same parameters as in the main
figure.
the 402 nm power is reduced. If argon is used at the
same pressure, the repumping exitation at 428 nm leads
to a maximum fluorescence enhancement g ≈ 2, and us-
ing nitrogen, only a negligible fluorescence enhancement
was observed. At variance with helium, with argon and
nitrogen buffer gases a weak fluorescence signal is also
observed if the 232Th+ ions are illuminated only by the
428 nm light without excitation at 402 nm. This obser-
vation indicates that the 15215/2 level can be populated
by Th+–Ar and Th+–N2 collisions.
Using the experimental data for high and low 402 nm
excitation power shown in Fig. 6 together with the calcu-
lated optical excitation rates and the natural lifetime and
spontaneous-decay branching fractions of the 248745/2
state from Ref. [14] (see Table I), we find a good agree-
ment between the observed fluorescence enhancement fac-
tor g and the predictions of Eq. 4 with Γ2 = 20 s
−1 for
helium. As shown in Table II, we find in a similar way
Γ2 = 1.5·103 s−1 for argon, and Γ2 = 5.0·104 s−1 for nitro-
gen, at 0.2 Pa pressure for all gases. Using the branching
fraction b = 0.92 measured in our experiments (see Ta-
ble I), we obtain slightly higher quenching rates (for ex-
ample, for helium, Γ2 = 25 s
−1). The diatomic buffer gas
N2 yields much higher quenching efficiency than the no-
ble gases. A similar behaviour is known for the collisional
quenching rates of the metastable D levels in alkali-like
ions [21, 22].
The inset of Fig. 6 shows that Eq. 4 also accurately de-
scribes the observed saturation behaviour of the 402 nm
excitation without 428 nm repumping. In this case, popu-
lation of the 15215/2 state reduces the effective saturation
power for excitation of the 402 nm transition to a few mi-
crowatts corresponding to an intensity of ≈ 0.3 mW/cm2,
i.e. two orders of magnitude below the saturation inten-
sity for the two-level system 03/2–248745/2. With he-
lium buffer gas, the observed variation of g with pressure
points to a linear pressure dependence of the rate Γ2 and
to a less than proportional variation of Γm with pressure.
At a lower helium pressure of 0.02 Pa, the 428 nm re-
pumping excitation enhances the fluorescence signal by
g ∼ 20.
Using time-separated pulsed 402 nm and 428 mn exci-
tation we obtain a direct measurement of the quenching
rate Γ2 of the 15215/2 level. The 15215/2 level was pop-
ulated via the 248745/2 state during a 2 ms pulse of the
ECDL at 402 nm. After a variable time delay, the re-
maining population of the 15215/2 level is determined by
applying a pulse from the 428 nm ECDL and recording
the time-integrated fluorescence signal at 402 nm. A sim-
ilar method was used in Refs. [21, 22]. We observe an ex-
ponential decay of the fluorescence signal as a function of
the time delay between the 402 nm and 428 nm excitation
and a linear dependence of the decay rate on He pressure
of 63(3) s−1Pa−1. For a pressure of 0.2 Pa, this results in
Γ2=13(2) s
−1, in agreement with the value derived above
with Eq. 4 from the data for continous excitation.
In order to maximize the efficiency of laser excitation
to the 248745/2 level, we investigated extended repump-
ing schemes where in addition to the 15215/2 level also
higher-lying metastable levels are depleted by laser exci-
tation (see Fig. 1). The output wavelength of the pulsed
Ti:Sapphire laser (see Sec. II) was tuned to suitable re-
pumping transitions for the six lowest metastable levels
above the 15215/2 level that are populated by sponta-
neous decay from the 248745/2 level. For helium buffer
gas at 0.2 Pa, a fluorescence enhancement of approxi-
mately a factor of three is observed for excitation of the
41135/2–171223/2 transition and for a number of other
transitions originating from the 41135/2 level. Excitation
from higher-lying metastable levels does not lead to any
significant increase in the fluorescence signal. The deple-
tion of the 18603/2 level increases the fluorescence signal
only if there is no repumping excitation from the 15215/2
level. This can be explained by a collision-induced pop-
ulation transfer between the 15215/2 and 18603/2 levels
whose energy difference is comparable to the kinetic en-
ergy of the buffer gas atoms. With argon or nitrogen
buffer gas, repumping from the energy levels above the
15215/2 level does not result in any significant fluores-
cence enhancement.
Table II shows the inferred effective quenching rates
together with the calculated population probability of
the 248745/2 level under cw laser excitation for the three
gases used in our investigations. For helium, additional
repumping from the 41135/2 level yields a maximum pop-
TABLE II. Quenching rates Γ2 for different buffer gases at
0.2 Pa pressure and maximum fraction of Th+ ions excited to
the 248745/2 level, and estimated population p3 in the state
|3〉 without and with repumping at 428 nm.
Buffer gas Γ2 p3 p3
(s−1) (without 428 nm) (with 428 nm)
helium 20 1.5·10−5 1.2·10−4
argon 1.5·103 5.0·10−4 1.0·10−3
nitrogen 5.0·104 5.0·10−3
6ulation of 3.6·10−4 in the 248745/2 level. For all exper-
imental conditions studied here, population trapping in
low-lying metastable levels limits the obtainable popu-
lation of the 248745/2 state. In previous experiments
with trapped Th+ ions, molecular hydrogen and helium
buffer gas were compared and hydrogen was found to
produce ≈ 100 times higher fluorescence signal at the
same pressure [13]. In our experiment, nitrogen shows an
even stronger quenching efficiency. From the maximum
402 nm fluorescence signal obtained with nitrogen we de-
duce that more than 100 photons/s per ion are detected,
providing efficient diagnostics of the trapped ions on the
timescale expected for the decay of the 229Th isomeric
state [23]. While nitrogen produces the highest fluores-
cence rate and most efficient collisional cooling, the noble
gases offer the advantage that they can be purified more
efficiently using getter materials and cryogenic traps and
therefore permit longer storage times for Th+.
With the use of pulsed optical excitation, even without
repumping excitation a significantly higher population in
the 248745/2 level can be achieved over times short com-
pared to 1/Γ2 and 1/Γm. This could be demonstrated
by using an acousto-optical modulator (AOM) to switch
on the 402 nm excitation repeatedly with a rise time of
approximately 1 µs after dark periods long compared to
1/Γ2. The resulting initial fluorescence intensity is more
than 30 times larger than the steady-state value obtained
with 402 nm cw excitation and helium buffer gas. The de-
cay of the fluorescence signal to the level corresponding to
cw excitation was dominated by two time constants in the
range of a few 100 ns and 1 ms. The longer time constant
might reflect the collision-induced population transfer be-
tween the various metastable levels (see above). The ob-
served fast time constant can not be directly associated
with the spontaneous decay rates to metastable levels be-
cause also transit-time and saturation effects and the rise
time of the AOM shutter are expected to strongly affect
the temporal variation of the fluorescence signal on this
time scale.
VI. TWO-PHOTON LASER EXCITATION OF
TRAPPED 232Th+ IONS
The level 499607/2 shown in Fig. 1 is one of the highest-
lying tabulated energy levels that can be excited by an
electric dipole transition from the 248745/2 state. The
radiative lifetime of this level appears to be unknown.
Apart from the 399 nm transition to the 248745/2 level,
there are 17 tabulated decay channels to other levels [9].
The energy of the 499607/2 state corresponds to 6.2 eV
which is close to the range of the expected isomeric exci-
tation energy of 229Th+.
In our experiment, trapped Th+ ions collisionally
cooled by buffer gases at 0.2 Pa pressure are continuously
excited by 402 nm radiation tuned to the line center of
the 03/2–248745/2 transition and by 428 nm repumping
light. A beam of 399 nm light from an ECDL whose
frequency is scanned across the 248745/2–499607/2 tran-
sition is overlapped co- or counterpropagating with the
402 nm beam. Excitation to the 499607/2 level is detected
by monitoring the fluorescence emission in the wavelength
range below 320 nm. Figure 7 shows the two-photon exci-
tation spectrum observed for counterpropagating 402 nm
FIG. 7. Two-photon laser excitation spectrum for counter-
propagating laser beams, showing fluorescence signals from
the upper 499607/2 level (filled circles) and from the interme-
diate 248747/2 state (open squares). Radiation at 402 nm is
tuned to the line center of the 03/2–248745/2 transition and
399 nm light is scanned in the range of the 248745/2–499607/2
transition. The solid lines are fits to a Lorentzian line shape.
and 399 nm excitation beams using helium buffer gas at
0.2 Pa. The fluorescence signal observed in the range
340–650 nm, also shown Fig. 7, indicates the population
of the intermediate 248745/2 level. The resonant reduc-
tion of this fluorescence shows that a substantial frac-
tion of ions (≈20 % for counterpropagating beams) is
transferred from the 03/2–248745/2 excitation cycle if the
248745/2–499607/2 transition is resonantly excited. This
shows that also in the case of the complex level-structure
of Th+ efficient two-photon excitation of highly excited
states can be achieved.
Generally, one expects that both, stepwise and direct
two-photon excitation processes contribute to the pop-
ulation of the 499607/2 level. With counterpropagating
beams, the linewidth of the two-photon resonance is nar-
rower and the fluorescence signal is approximately 1.5
times higher than with copropagating beams (see Fig-
ure 8). In the copropagating case the sub-Doppler res-
onance populating the 499607/2 level is formed predom-
inantly by stepwise two-photon excitation, while in the
counterpropagating case an additional contribution of di-
rect two-photon excitation appears. A similar feature was
observed in a previous investigation on two-photon exci-
tation between lower-lying energy levels of trapped Th+
ions [13].
In Figure 8 the experimental data for co- and counter-
propagating beams are plotted together with calculated
lineshapes based on the model presented in Ref. [24].
The homogeneous linewidth of the 402 nm transition was
inferred from Doppler-free saturation resonances of the
transition at 402 nm. Using nitrogen buffer gas, we here
observe a minimum width of 26(2) MHz (FWHM), signif-
icantly higher than the natural linewidth of the 248745/2
state of 7 MHz. Apart from smaller contributions from
saturation, collisions and transit effects, the dominant
broadening mechanism can likely be attributed to a fre-
quency modulation resulting from the driven micromo-
tion of the ions in the trap. For the fitting of the two-
photon lineshapes, good agreement with theory was ob-
tained for a width of the 248745/2–499607/2 resonance
which is four times bigger than the width of the 248745/2
7FIG. 8. Fluorescence signal of trapped 232Th+ ions resulting
from two-photon laser excitation of the 499607/2 level. The
spectra are detected by monitoring the fluorescence emission
in the wavelength range 240–320 nm. Nitrogen at 0.2 Pa is
used as a buffer gas. Filled circles: counterpropagating beams;
open circles: copropagating beams. The black (counterprop-
agating beams) and dashed (copropagating beams) lines cor-
respond to calculations based on the model from Ref. [24].
resonance. The resulting linewidths for excitation with
co- and counterpropagating laser beams are 95 MHz and
66 MHz, respectively.
Using the pulsed picosecond Ti:Sapphire laser for the
second excitation step results in weak fluorescence sig-
nals which did not allow us to identify the excitation of
higher-lying states. The broad spectrum emitted by this
laser excites several resonances from low-lying metastable
levels simultaneously.
VII. CONCLUSION
In conclusion, we have demonstrated two-photon exci-
tation of Th+ through the intermediate state at 248745/2.
In order to maximize the population of excited states
we investigated collisional quenching of metastable states
with different buffer gases and repumping with additional
lasers. In continous excitation with two diode lasers, we
have shown the efficient two-photon excitation of a highly
excited state in this complex level-structure. This sets
the ground for a comprehensive investigation of the elec-
tronic level structure of Th+ in the energy range of the
229Th isomeric state [23] and for the search for a resonant
two-photon electronic bridge excitation of the 229Th nu-
cleus [8] over the wide present uncertainty range for the
transition energy. For this we plan to use the third har-
monic of a pulsed Ti:Sapphire laser with a linewidth in
the GHz range in combination with synchronized 402 nm
ECDL pulses. A comparison of the fluorescence signals
observed with 229Th+ and with 232Th+ shall permit the
unambiguous identification of the signature of the unique
nuclear structure of 229Th.
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